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IDEAS ON A MODIFICATION OF THE SYNCHRONOUS AMPLIFIER TO IMPROVE

SENSITIVITY

1. The Conventional Synchronous Amplifier [1]

As is well known, the direct way to detect a sine-shaped

signal of definite frequency and phase in band-limited white noise 

is by decreasing the bandwidth, because the. mean amplitude of

the noise voltage is proportional to the square root of the

bandwidth. The term 'white noise' means a constant average power

density over the frequency range fl to f2 being considered.

The term 'band-limited" is taken to mean that power density is

zero outside the region fl to f2. That is, an ideal band pass

filter with a rectangular pass curve is assumed. Further, let

it be assumed that there is so-called narrow-band noise present.

That is, let the bandwidth B = f2 - fl be small in comparison

to the mean frequency f0 = (f2 + fl)/2. If this condition is

met, then the resulting noise voltage can be observed as a harmonic

wave V(t) = *R(t) cos [2f it-(t)] . R(t) and ?(t) are

quantities which fluctuate statistically. R(t) follows a so-

called Rayleigh distribution, while x9(t) is distributed with

constant probability across the complete angular range from 0

to 2:; . If the signal likewise has the frequency f0 and-the

amplitude cs, it is necessary to detect c sGin2if t in the

total voltage

0 0 -
\ V ( ) = ( ) " C i.;2 1" * X i-' . (t )t-c (t~! + C sin~f t

The ratio of the signal amplitude'to the noise amplitude thus

becomes more favorable,the narrower the spectral range filtered ;

out around the signal frequency, because, as mentioned above,

.the amplitude of the noise voltage is proportional to the square

root of the bandwidth. But there are. limits to the narrowing

of the bandwidth because production of very narrow band filters

(fractions of l'Hz) iraises difficulties. The principle of the
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synchronous amplifier is of assistance here. In this operation, u.(.-

the voltage V'(t) is multiplied with a reference voltage 2sin2nfot'.-

This yields

2V'(t)sin2nf t 2R(t)cos[2.f t-y(t)Jsin2af t + 2c sin 22nf t

(2)
- R(t)siny(t) + cs + terms of frequency 2f

Thus'the alternating signal voltage is transformed into a direct

voltage and, in place of the narrow-band filter, a small low-pass :

filter (i. e., a large measuring time constant) is suitable for 

averaging out the disturbing noise voltage. If the terms of

frequency 2f0 are filtered out, the noise voltage is given as
R(t)sinp(t) . Measurement with a time constant of 7 seconds

corresponds (approximately) to removal of a section of the 

spectrum of R(t)sin(t) with a low-pass filter of bandwidth

1/7, Hz. The spectrum of R(t)sinp(t). 'is_easily_ given if _ ''._ ''

the resulting noise voltage R(t)ccs$[27fot-y(t)] is analyzed into
its individual frequency components, a's indicated in Figure 1.

The frequency range fl to f2 is subdivided into small

intervals Af . The frequency of one such subregion differs from

the mean frequency fo by a certain multiple of Af. The

contribution of each of these Af intervals can be stated as a

cosine wave of definite amplitude and phase. Therefore, if''

B = f2 - fl is subdivided into 2n + 1 intervals of width af :.

n

R(t)cos[2fot-y(t)3 = cicos[21(fo-.iaf)t- i]3)
j=-n

If equation (3) is multiplied by 2 sin2afot , it is easily

seen that there appears a spectrum of constant power density,

beginning at frequency' 0 and extending to the frequency
B/2 = f2 - f0 = f0 - fl, along with a spectrum of width B "

with 2f0'as the.middle frequency. That spectrum is not of'

interest here. Then we have



-. - , l

2V'(t)sin2:;f t = R(t)siny(t) + c .+ ,terms of frequency 2f. ' '0 n ' :-,0.

=e Ec.sin[2iAfit+pi] + c +1 terms of frequency 2f
$ . ............... i--1--0i=-n

;-(4) .... , 

i=o i=~~~~~~~~~~~~~~~~~.. ...... 

According to the formulas. -:

The two terms of the same frequency in equation (4) can be

combined. Thus we derive the square-wave spectrum of R(t)sinl)(t)

if we consider that the root-mean-square values of all ci are

equal.

In the conventional synchronousamplifier, therefore,: .

the signal appearing as an alternating voltage is converted into

a direct voltage by multiplication with a reference voltage. 

the noise bandwidth. The bandwidth of a low-pass filter is given.'

by the reciprocal time constant, so that very narrow bandwidths

can be obtained quite easily. The principle has been applied in

commercial devices. For example, they allow detection at klHz.

bandwidth of a signal which is 40 dBpbelow the noise level.
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2. Modification of the Synchronous Amplifier

In the procedure for synchronous amplification which was

briefly described in the preceding section, we worked with a

signal of known frequency and constant phase, so that a reference '

voltage of identical frequency and phase could be produced,

which by multiplication converts the signal voltage into a direct ..

voltage. The frequency and phase of the signal voltage are

determined, for example, by a chopper disk. The function of '' '

the chopper disk is to modulate the radiation which falls

steadily upon it so as to obtain an alternating voltage, with -I -:

no direct component, as the signal voltage. Now, one'may

ask why the signal voltage is first converted into an

alternating voltage so that it can be reconverted to direct

voltage in a synchronous amplifier. There are primarily two

reasons: first, the amplification of small alternating voltages-' .

is significantly less expensive than amplification of direct

voltages; second, the detectors usually employed are semi-

conductors which have very high inherent noise at low

frequencies, i. e., near a direct voltage, decreasing generally -

as 1/f. For instance, at 1 kHz, common chopper frequency,

the inherent noise is very significantly less that at zero frequency.

Because of the time constants of detectors, the chopper

frequency cannot be made as high as might be desired. But in

every case, the signal frequency of infrared radiometers is

determined by the chopper. That is, it is produced in the

receiver, and is particularly variable and controllable.

This is possible, of course, only with some certain inertia

when mechanical choppers (rotating'wheels with teeth or apertures, : 

vibrating springs or reeds) are used. Electronic choppers for

infrared radiation can be controlled significantly more rapidly ,

[3]. Another chopper technique is used in other possible

applications of the process described below; e. g., in microwave

radiometry. We will not concern ourselves with details here.
Rather, we willipresume for the procedure designated here as

"modified synchronous amplification" that the signal phase can
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be controlled with definite small time constants, and that the

information is contained in the signal amplitude, so that it.'is..

not affected by the phase control. -.;

We consider' the two voltages: -

V(t) = R(t)cos[2nf t-p(t)] and (5)

V+(t) =V(t) + c sin[2f t-(t) (6)$ o 6)

As in the previous section, Equation (5) gives the narrow-band

noise voltage. The voltage V+(t) differs from V(t) in that the-

signal voltage c5 sin[2xf t-ps(t)] is added to it. Let the

phase Ys(t) of the signal remain undecided at first. Because

signal plus noise always appears at the detector, the voltage

V(t) cannot be measured directly. For a small signal-to-noise .

ratio, as is assumed here, the difference V+(t) -.V(t) is ....

therefore a small value, so that V+ is an approximation for

V(t). Now let 9s be controlled so that, as exactly as possible,

(ut) ~ p Ctl = ((t) (7) - ..

The control loop' is described in more detail in the next section. ::

The voltage measured at the amplifier output is then:

.V+(t) = R(t)cos[2nfot-p(t)] + c sin[2tf t-9'(t)] (8)

Since f0 is known, *a reference voltage 2sin[2rfot-' (t)] 

can be produced.

We multiply this with equation (8) and obtain:

2V (t)sin[2f t-p'( t)] = R(t)sint[(t)-9'(t)] + c

+ terms of frequency 2fo (9) 

The terms of the frequency 2f0 are again filtered out. Also, . .

9T(t)-~' (tj) is a relatively small angle, so that the sine

can be replaced by the angle.

:'" ~ :'.5



We have left

R(t)C(t)t)-' (t)3 + s (10) 
S (10) .

as the measured voltage.

The residual noise with the signal-voltage c
s

is therefore

determined by the function p(t)-p'(t) , the difference between.

the actual noise phase and the controlled phase angle of the

reference voltage. If the control is very accurate, then -p',: ...

and thus the noise voltage is very small. For the rest, of

course, the noise component R(t)[p-p'3 of equation (10) is

not fully effective as a disturbing voltage. Rather, it is only

the frequency components directly adjacent to zero frequency from

the spectrum of R(t)[y-y'] which are-filtered out by the indicator. ... '

Without more exact analysis of the measuring and controlling

technology to be used, it is difficult to say more about ((t)-Y'(t).

Still, it is not unreasonable to assume that the value of p-':

will not exceed a few degrees ( about 0.1 radian). As we know,=p(t)?:<...;

varies statistically and irregularly with a time constant I1/B :

( B bandwidth). Thus it is quite obvious to assume that

the function '-qi' also fluctuates statistically with the

time constant, or correlation time, 1/B.

.For the conventional synchronous amplifier we had instead

of Equation (10)

R(t)sinp(t) + c (

We derived in the previous section the spectrum of the noise '-
voltage R(t)sincp appearing here. With regard to the Equation:--.'.;':. 

'

(10) which is of primary interest to us, we now estimate the .'...
spectrum with reference to the correlation function. This is

equally applicable to Equations (2) and (10)', and allows a

comparison:

R(t) and (p(t) vary with the time constant (= correlation time) '

1/B. Thus the autocorrelation function ;(s) will, have the value
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zero for displacement values, s, greater than 1/B. A Fourier

transformation of the autocorrelation function ((s) yields the 

power spectrum; 'i. e., the square of the amplitude'. The values

for 's = 0 are:

:2

qk(O) = {R(t)sinP(t)}2 for conventional synchronous
: amplification

(o ) = JiR(ti)[E ') l 2 for modified synchronous
M amplif ication

In both cases, the value of )(0) for s = 0 drops to zero

within the short time 1/B. The exact curve of the drop-off

is not very important for the components of the low-frequency

spectrum near zero frequency [4]. Thus the autocorrelation

function is a quasi-representation of a brief pulse, as sketched

in Figure 2. The spectrum is the' Fourier transformation of this

pulse, and the amplitudes of the Fourier transformation of a pulse

are proportional to the area of the pulse. That is, here they

are proportional to ')k(0)/B or 6 (O)/B . The course of the

curve can be, and is, different for' conventional and synchronous. '

amplification. The ratio of the "pulse areas" of the auto-

correlation function is therefore not simply equal to the ratio
[Ik(O)>/B] : [m(0)/B3 = i k(O) : ';n(O) , but this value is

a certain approximation. The improvement factor, i. e., the .

ratio of the perturbing noise amplitude for conventional and mod-

ified synchronous amplification, is approximately given, then,

by

_/ ~Improvement Factor (12)

This expression can still be simplified. From Equation (12), 

$)(0) is the mean value of the product of two statistically
independent functions. According to [5] this is equal to the

product of the means of the factors. Therefore:

[(t)]2sin't 1 2( (t) 2 ;
2

?______- '-- (13)
R( ~t)L = :-c [R (t)32 .. _,32; ''0
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and

2[-
2

= / Improvement Factor (14)

For I-p' we had assumed a value smaller than 0.1, so that ' ' '-'

according to Equation (14), we would obtain an improvement :

factor greater than 10: = 7. To repeat once more:

this is a very crudely estimated value, without any analysis

of measuring and control technology. The more accurate the

measuring and control process, the greater the improvement in

accuracy. '

3. The Control. 

In the preceding it was shown that an improvement of the 

signal-to-noise ratio is possible if a reference voltage can ' -

be adjusted as exactly as possible orthogonal to the noise

voltage, i. e., displaced 90° in phase, and if the signal

voltage can be adjusted parallel to this reference. We will

not consider the control process as such more extensively.

Even if the resulting voltage at low signal-to-noise ratio,

V' = c sin(2fo t-(o)+V (6) differs by only a small amount

from the noise voltage V, the control cannot be based

simply on the resulting voltage, or the signal voltage will be

controlled out along with the noise voltage. A reference voltage -a "

Vref which is orthogonal to the resultant V+ (i. e., displaced

in phase by 90° ) would always yield zero on multiplication'

(components of the frequency 2f0 are neglected here and in the

following).

The diagram of Figure 3 may clarify the conditions more. 

If it is possible to control the reference voltage Vref

orthogonal to the noise voltage V, as shown in Figure 3a, then

the noise can be suppressed by multiplication, down to a residual ¥:·,

noise determined by the accuracy of control. If the signal: c
s

is largely parallel to Vref, the signal voltage is maintained
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through the multiplication. These are the operating conditions ;

to be sought. If, on the other hand, as shown in Figure 3b, :

Vref is orthogonal to the resultant V +, then with absolutely

exact control the value of zero is obtained, independent of

the magnitude of the signal voltage cs. The stochastically

assumed control errors also cause a noise spectrum here. Its

amplitude becomes smaller, the less the divergence. But the

full amount of the signal is not obtained. Rather, it is

controlled out more toward zero.

Therefore a;criterion must be found for the control, which-

is based on the phase angle of the noise voltage V and not on

the phase angle of the resultant V+. There is a certain '

similarity or relationship with the "phase-locked loop" technique :

developed in the USA and often applied in recent years [6].

Therefore the phase control loop of the modified synchronous

amplifier will be considered in imitation of the theory applied

in that case. The goal is an estimate of the particularly

interesting function ?(t) - 9 '(%) , which we shall designate

here as F(t). Thus we shall investigate whether it is possible

to control the reference voltage orthogonal to the narrow band

noise voltage if we do not have available as a control criterion

the phase of the noise voltage, somehow measured, but the

output voltage following the multiplier. In addition, we leave

untouched a narrow frequency region around zero frequency, because ;

this is to be reserved for the signal indication. .

As previously, we designate the noise voltage as

V(t) =R(t) cos[2xf t-9 (t)] (.: . and the reference voltage as

V = 2 sin[2nf t-r'(t)] . Control is provided by the scheme
ref' o

of Figure 4.

The multiplier yields:

,V(t) Vref(t) = R(t)cos[2;fot-f(t)]. 2sin[2tfot-' (t)]

= R(t)sinE(t)-P (t)] i i+-ems f fre quency 2f (15)



The terms of frequency 2f0 are to be filtered out, and will
be neglected here and in the following. .: :

: , :. s,-.; /: .-

Let us again assume that the control has a certain accuracy, so

that sinCy(t)-9'(t)] can be replaced by [9(t)-'(t)] .
The control signal input to the "voltage-controlled oscillator.",: ' ,:,:.

x(t), is then

x(t)-= R(t)[p(t)-y'(t)] = R(t)F(t) (16)

Equation (16) applies at first without the sparing of a narrow

frequency region around zero frequency, which we have mentioned
(and which is necessary for signal indication). Let the voltage-

controlled oscillator have the resting frequency fo, and let

it react to an input control voltage with the phase change

- d'3(t) = k x(t) (17)
dt.

Then from' (15), (16) and (17), we obtain the differential equation...

dF(t) =a a(t I(t)- (t) k R(t)Ft) (18)
dt dt dt- .(18)

or

F(t) + ; R(t)F(t) =-d (t) dt

To solve this differential equation, we assume that the control

error F(O) = 0 at time t = 0. Furthermore, let the control' ;.

have a time constant small enough.that R(t) and da(t)/dt may
be considered constant. (The signal phase changes with a time

constant 1/B, because the signal must pass the amplifier with :.
the bandwidth B. The signal phase thus follows the reference

phase determined with the time constant 1/B, according ... .
A:to the principle of the modified synchronous amplifier.). 

Under these conditions, the solution of (18) is .

F(t) = [p(t)-cp'(t)] = S-i(-dt [1- ek19(tt)t '

,10 :~~~~~~~~~ :0



After a certain time the exponential term becomes zero. Then

the control error can be set as

ao (t)/alt
F(t) = [o(t)-p ' (t)]-(k (-) (20) '

As expected, it becomes smaller,the greater the control constant

k is. Besides this, we note that on the average R(t) is

proportional to V . The correlation time is given by 1/B,

so that dy(t)/dt may well be proportional to B. With k

fixed, the control error given by (20) would be proportional

to /., but k can be assigned so that it can be canceled out.

Now we assume that the frequency region to be reserved near

zero frequency for the signal indication, which has already been .. 

mentioned, is set aside. This means that all the lower frequencies.

are missing for the control signal x(t) in (16). Then, instead :' ':

of x(t) we have:

x.(t) = x(t) - y(t) = R(t) F(t) - y(t) (21)
.. . -21) -

in which y(t) represents a 'function of time which changes slowly,

not only in comparison to the control time constant, but also in

comparison to 1/B. It.changes so slowly that we can consider ......

it as a constant on insertion into the differential equation. 

Instead of (18), then, we obtain:

____ = d~(t) _ a-x~it) dp(t)F(t) =d(t) - .(t)'_ - k [R(t)F(t) - y(t)]-.

(22)
F(t) '+ k R(t)F(t) = 't) + k y(t)

dt ......

with the solution

F(t)=[d.?(t)/dtt + ky(t) e(23) ,..·
(~k R(t)"= ko) (23)

The lag error, :which appears after a certain time in this case, 

after the exponential term has'become zero, then becomes.

..
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F(t) a= [~(':)-p'(t)t AOt t )]
](-- +Cy--( kyt(t)t ~1R ',

(24) ..;

From Equation (24) we learn that the additional control error

y(t)/2(t) which appears because of the elimination of a narrow

frequency range near zero frequency can be made small by appropriate-

ly large bandwidth, and correspondingly large R(t). A large band-

width, to be sure, causes a large d9 (t)/dt , but this can:.

be compensated by a large control constant k.

Figure 5 shows a block diagram in which the process of modified

synchronous amplification is used as an example with an infrared

radiometer. It can be described as follows: The infrared rad-

iation, which is assumed to be of constant intensity, falls on:

the optical modulator, which modulates the radiation with the

frequency f0 and the phase 9S(t) The modulated radiation

arrives at the detector, in which the signal voltage is

produced.. A supplementary diaphragm allows the incident radiation 

to be restricted as desired. The amplified signal voltage was

designated in the text as c sin[27fot-Cps(t)]

It is accompanied by a noise voltage v(t) = R(t) cosE?f t-p(t)] .
0

The total voltage V+(t) = V(t) + c sin[r2sf t-9 (t)] at the

amplifier output is multiplied in a multiplier with the reference

voltage Vref(t) = 2 sinL2grf t-s(t)] . The phase of this reference .

voltage is so controlled from a low-frequency filter through a

control coupling that the low-frequency components at the

multiplier output vanish, and so that the reference voltage

Vref(t) and the noise voltage V(t) are displaced by 90° in phase.

A phase coupling ensures that the reference voltage Vref(t) and

the signal voltage c[sinl2ftf -s (t)] always have' the same

phase [ (,sit) a '(t) ,_~ according to Equation (7):] -- 

12



4. Concluding Remarks

The principle sketched here for a modification of the

synchronous amplifier should not be considered a finished concept.

Many parts of the problem, such as the phase distortion of the

signal in the amplifier and the technical realization of the con-

trol loop, as well as the attainable control accuracy, have not -

yet been considered. Furthermore, bandwidth estimates and

deliberations on the modulation frequency range are lacking.

The only intent here was to pose for discussion an idea which

in certain cases - perhaps - can improve noise suppression -

better than the conventional technique. It is clear from the

beginning that a considerable expense would be required for

practical realization of the process.
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Figure 5. Block diagram of a process for modified synchronous

amplification, explained using an infrared radiometer '.

as an example .
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